Total and regional coronary blood flow were measured in dogs by left atrial injection of carbonized microspheres labeled with different radioactive isotopes (mean diameter 14 to 6lfi). Simultaneously blood was collected at 20 ml/min from a catheter tied into a peripheral artery. The ratios of flow to radioactivity in myocardium and arterial blood should be equal if microspheres are well mixed in the aortic root and are distributed regionally in proportion to flow. This was proved in seven right heart by-pass experiments where coronary venous drainage was measured directly. Also, less than 0.1% of total myocardial radioactivity appeared in coronary venous blood, even with hypoxemia and small microspheres.
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left ventricle or else require sacrifice of the animal within a few minutes of the injection of the indicator. These methods are often difficult to apply in either conscious or unconscious intact dogs.
Rudolph and Heymann (9) developed a method for measuring the distribution of the total cardiac output to different organs by the injection of carbonized microspheres labeled with gamma-emitter nuclides. The principle of the method is that if the microspheres are well mixed at the root of the aorta, are distributed in proportion to blood flow, and do not escape from the organs, their fractional distribution in the organs will be in proportion to the fraction of cardiac output going to the organs. Then, if the flow to any organ (reference flow) is known, the flow to any other organ can be determined. This principle has been validated for many organs (9, 10), but because the coronary arteries arise close to the site of injection of microspheres in the left atrium or ventricle, we could not assume that the microspheres would be mixed well enough in the root of the aorta to permit the correct measurement of coronary blood flow. Therefore we checked the accuracy of this method in right heart by-pass preparations in which almost all the coronary venous drainage could be measured, and then applied it to measure total coronary flow in conscious dogs.
In these studies we also estimated the distribution of flow to atria, ventricular septum, and ventricular free walls as well as to portions of the ventricular walls, for example, subendocardial and subepicardial regions. These measurements could not be checked directly, so we obtained indirect evidence in support of our conclusions by using microspheres of different sizes and altering the mechanical and metabolic functions of the heart by preparations with nonworking left ventricles.
Methods
The microspheres 1 were labeled with six iFrom Nuclear Products Division of Minnesota Mining & Manufacturing Company. These spheres have a specific gravity of 1.3 to 1.6; they contain Ql% different radioactive nuclides; the mean diameters and standard deviations in microns of the large microspheres were:
125 I, 56.0 ± 3.8; 141 Ce, 60.0 ± 6.8; 51 Cr, 60.9 ± 6.4; 85 Sr , 55.8 ± 6.3; 91 Nb, 50.9 ± 3.6; «Sc, 55.0 ± 4.8. The smaller microspheres used in some experiments had diameters:
125 I, 22.4 ± 3.08 or 83 Sr, 14.1 ± 2.52 and 20.5 ± 2.53. The total number of microspheres given with each injection usually varied from 7,000 to 160,000, depending on the activity of each radioisotope, but twice about 800,000 microspheres with low activity were injected; with each injection about 1 to 2 yu,c of isotope was given.
Microspheres were suspended in a solution of 20% dextran of medium molecular weight (with a small amount of polyoxyethylene-80-sorbitan mono-oleate [Tween 80] to prevent aggregation [9] ), placed in a small stirring chamber of about 3-ml capacity and stirred with a Teflon-covered magnet until no clumps were seen. Then they were flushed into the left atrium through a thin polyvinyl catheter with about 15 to 20 ml saline in 12 to 50 sceonds.
The reference flow was collected from a catheter tied into an artery, usually the brachial but occasionally the femoral or internal mammary. To avoid trapping microspheres between the arterial wall and the catheter, the ligature was tied as close to the tip of the catheter as possible. The reference flow was adjusted to about 20 ml/min and its actual volume obtained by weighing a timed sample and measuring its density. The reference flow was started a few seconds before the injection of microspheres and was collected for 15 to 30 seconds after finishing the injection; it was collected in fractions for 1 to 5 minutes after the end of the injection in ten injections in five dogs to determine the time taken for all the microspheres to emerge.
Each dog was killed by intravenous injection of sodium pentobarbital, the heart was excised, cleaned of blood on its surface and the cavities flushed with water and swabbed with gauze. The visible epicardial fat and large vessels were removed and counted together with the valves and chordae tendineae. The atria were split into the left and right atrial free walls and septum. Both ventricular free walls were cut as close as possible to the ventricular septum. This was relatively easy for the right ventricle; however, although the posterior limit of the free wall for the left ventricle was defined by the right border of the posterior papillary muscle, the anterior limit had to be chosen arbitrarily. The left ventricular free wall was divided into anterior and carbon and 33% oxygen, but their exact composition has not been disclosed. 
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posterior papillary muscles (pooled) and four layers across the wall, each extending from apex to base; the inner (or subendocardial) layer made up of the trabeculated muscle, and the outer (or subepicardial) layer were each 1 to 2 mm thick, and thinner than the other two layers, which consisted of the intermediate muscle split in halves. The right ventricular free wall was divided into the major papillary muscles (pooled), the inner layer of trabeculated muscle, a thin subepicardial layer, and a thicker intermediate layer. The septum was divided into three layers of equal thickness-left, middle, and right layers.
The heart and blood samples were placed in glass vials (9) and counted in a well scintillation detector connected to a 400-channel pulse-height analyzer. 2 The total activity for each radioisotope was obtained by modifying the method of Rudolph and Heymann (9) for use with six radioisotopes. Because of the overlap of spectral energies for 40 Sc and 91 Nb, the former was not often used. All blood samples were centrifuged and the supernatant fluid was counted to determine the amount of radioactivity not bound to microspheres.
Right Heart By-pass.-Nine mongrel dogs weighing 22 to 33 kg were anesthetized with sodium pentobarbital, 35 mg/kg iv, with subsequent smaller doses as needed. The blood from both venae cavae was drained into the reservoir of a system previously filled with dog blood or 6% dextran solution in saline and returned by a roller pump into the pulmonary artery. A no. 14 Bardic catheter with side holes was introduced into the right ventricular cavity through the azygos vein to drain the coronary venous return from the right chambers of the heart into the reservoir. Both the output of the pump and the coronary venous return were measured continuously by cannulating electromagnetic flowmeter transducers (Statham M-4001) to verify constancy of flow during the studies. By changing the output of the pump, different coronary blood flows were obtained. In two dogs, the aorta was constricted by a clamp, and two other dogs were made hypoxemic (oxygen tensions of 14 and 26 mm Hg) and hypercapnic (carbon dioxide tensions 84 and 62 mm Hg) by breathing in a closed circuit; both maneuvers produced high coronary flows.
A catheter was tied into a brachial artery in seven dogs, in a femoral artery in one dog, and in both arteries in another. While the reference flow from these arteries was being collected, the coronary venous return was drained directly into a graduated cylinder, then measured. In some experiments, including those in which coronary 2 Technical Measurements Corporation, 404C Multiple Pulse Height Analyzer, North Haven, Conn.
Circulation Research, Vol. XXV, November 1969 venous return was increased two-to threefold by hypoxemia, the total coronary venous return was counted to detect any radioisotope which might pass through the myocardial vascular bed.
In eight of the nine dogs, between two and five sets of microspheres, each with a different isotope, were injected successively; the remaining dog had two injections, each with two different sets of microspheres mixed in the stirring chamber. In some dogs, both large and small microspheres were injected.
Conscious Dogs.-In seven other dogs a thin polyvinyl catheter was implanted into the left atrium; in two of them we placed an electromagnetic flowmeter transducer around the root of the aorta and a Microsystems 1017 pressure gauge through the left ventricular wall with its surface flush with the endocardium. One to ten days after surgery, a polyvinyl catheter was inserted under local anesthesia into the brachial artery. In one dog the catheter for the reference flow was placed in the internal mammary artery at the time of surgery. With the dogs lying quietly on their right sides, between two and six sets of microspheres, each labeled with a different radioisotope, were injected into the left atrium, and the reference flow was collected. Each experiment lasted about 1 to 2 hours and the interval between each injection varied from 15 to 30 minutes. After the last injection, the dogs were killed by large intravenous doses of pentobarbital and the hearts removed and divided.
To get more information about the distribution of microspheres within the heart, similar studies were made on four additional conscious dogs, except that the reference flow was not measured. In three of them, smaller microspheres of mean diameter 14.1/x or 22 Afj, were alternated with the larger microspheres.
Dogs with Nonfunctioning Left Ventricles.-To study the regional distribution of microspheres, several different preparations were devised in which the left ventricle did not work.
In one dog, large catheters were placed in the left atrium and ventricle to drain blood into the reservoir, from which it could be pumped into both femoral arteries. Prior to by-pass, two control injections of microspheres were given; then the pump was started, adjusted to return aortic pressure to control levels, and one set of microspheres was injected into the output of the pump.
In eight dogs not used in other studies, a cannula connected to a reservoir was placed in the root of the aorta. After a control injection of microspheres through this aortic cannula, the heart was stopped by inducing ventricular fibrillation with electrical shock in two dogs; injection into the left atrium or aorta of 30% KC1 in two dogs; or continuous infusion of 0.1% acetylcholine into the left atrium or aorta in four dogs. At the same time, in five of these dogs the descending aorta and the arteries arising from the arch were occluded, and microspheres were injected into the root of the aorta while the coronary vascular bed was perfused at approximately the preexisting aortic pressure from the reservoir; in the other three dogs, perfusion took place with aortic pressures of 10 to 20 mm Hg. In the two dogs injected with potassium chloride and one with acetylcholine, the venae cavae and azygos vein were occluded, and the right chambers of the heart drained to estimate coronary blood flow during the injection of microspheres into the arrested heart.
In two of these dogs, the inner and outer layers of the left ventricular free wall were digested with 70% nitric acid. The microspheres so obtained were measured with a calibrated eyepiece to study the relative distribution of different sizes in these regions. Figure 1 records the left ventricular stroke volume, left ventricular pressure, and first derivative of ventricular pressure with respect to time (dP/dt) after each injection of six successive sets of microspheres into the left atrium in one conscious dog with a flowmeter transducer around the aortic root and a Microsystems model 1017 strain gauge in the left ventricular wall flush with the endocardium. A similar result was obtained in another dog. In these dogs there were no consistent changes of pressures or flows after successive injections of microspheres. In the remaining conscious dogs in which only arterial pressure and heart rate were recorded, no changes in heart rate or arterial pressure were observed during the injection of the microspheres. None of the dogs showed any sign of discomfort.
Results
After injection, no radioactivity was detected on the Teflon-coated stirring bar or in the effluent obtained by subsequently flushing out the stirring chamber. Furthermore, in seven injections in five dogs, successive separate fractions of the reference flow revealed no significant numbers of large microspheres circulating more than 30 seconds beyond the end of the injection; over 99% of the total microspheres were recovered in the reference flow within 1 minute of the begin- 
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ning of the injection. However, in three injections of small microspheres in three dogs, only S5% to 92% of the total amount of microspheres collected in the reference sample appeared within 1 minute after the beginning of the injection; the remainder appeared slowly over the next 4 minutes.
TOTAL FLOW
Right Heart By-pass.- Figure 2 shows the correlation between the directly measured coronary venous return to the right chambers of the heart and the values for total coronary blood flow calculated from the large microspheres in the right heart by-pass preparation. In 27 measurements in seven dogs, the calculated flow was within 5% of the measured flow in 12, within 10% in 19 and within 20% in 24 measurements. Two of the 3 with the largest errors (24%, 20%, and 33%) were in one dog with abnormally low coronary blood flow. When small microspheres were used, coronary blood flow was overestimated by 6% to 70% (average 29%) in all studies in which the reference flow was collected for no more than 30 seconds from the end of the injection. Too few measurements were made with small microspheres and longer collection of reference flow to assess their accuracy in measuring total coronary flow.
The total number of microspheres in the heart varied from 230 to 8,000 for large and from 9,000 to 25,000 for small microspheres. In the three dogs in which a total of ten injections of large microspheres were made and the coronary venous return was examined to detect any microspheres going through the coronary vascular bed, the radioactivity in the coronary venous return (after discounting the small amount in the supernatant fluid obtained by centrifuging the sample) was always under 0.5%, and usually less than 0.1% of the total radioactivity in the heart for every radioisotope. The coronary venous return measured in these dogs varied from 130 to 340 ml/min, the highest flow occurring in dogs with hypoxemia. Similar results were obtained in three dogs which had four injections of small microspheres (the smallest, 14.1 ± 2.52/x in diameter); the coronary venous return in Circulation Research. Vol. XXV. these ranged from 120 to 180 ml/min.
Conscious Dogs.- Table 1 shows the values for total coronary blood flow in the seven conscious dogs; coronary flow is also expressed per kilogram total body weight as well as per 100 g wet heart weight. The arterial pressures for these dogs varied from 160 to 180 mm Hg systolic and 70 to 90 mm Hg diastolic. The heart rates were 114 to 156 beats per minute; blood oxygen tensions 88 to 99 mm Hg and carbon dioxide tensions 22 to 35 mm Hg; blood pH varied from 7.30 to 7.42. In any one dog, none of these variables seemed to be related to the amount of coronary blood flow. The numbers of microspheres in the heart varied from 360 to 8,800 (large) and 6,400 to 65,100 (small). Figure 3 shows the percent distribution of the microspheres in the atria, right ventricular free wall, septum, left ventricular free wall, and septum plus left ventricular free wall in the 11 conscious dogs. The results obtained with small microspheres are included with those for the large microspheres in the three dogs in which large and small microspheres were injected, since no differences in the distribution of microspheres of different sizes were noted ( Table 2 ). The proportions of total coronary flow going to left ventricular free wall plus septum, the right ventricular free wall or the atrium were almost constant, but the relative amounts to the septum and left ventricular free wall varied from dog to dog.
DISTRIBUTION TO LARGE REGIONS
From the values of total coronary blood flow obtained in seven dogs and the corresponding percent distribution, the coronary blood flow per gram of tissue for these regions of the heart was calculated (Table 3 ). An analysis of variance showed a significant difference between left and right ventricular free wall (P < 0.05) and between atria and right ventricular free wall (P<0.05), except in two dogs (P<0.10, 0.20). No significant difference was found between left ventricular free wall and septum except in one dog (P<0.025); however, taking 21 pairs of differences in the six dogs with two or more The same number is used for the same dog in all the tables.
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radioisotopes injected, the flow to the left ventricular free wall averaged 0.15 ml/g higher than that to the septum. The magnitude of this difference in each dog was unrelated to the relative distribution of flow to the septum and left ventricular free wall.
In comparing the distribution of microspheres to these large regions in the conscious dogs and those on right heart by-pass, there were significant differences (unpaired f-test) in the percent distribution to the right ventricular free wall and the left ventricular free wall plus septum. For the right ventricular free wall, the mean percent of total tSimultaneous injection of small and large microspheres. In the others, small and large microspheres were injected with a short interval between them and with relatively stable heart rates and aortic blood pressures; the order of injection varied.
tDuplicate studies in the same dog.
coronary blood flow was 13.4 ± 3.2 SD (n = 22) in the right heart by-pass and 17.2 ±2.1 SD (n = 40) in the conscious dog (P < 0.001). For left ventricular free wall plus septum the mean percent was 79.4 ± 4.0 SD (n = 21) in the right heart by-pass and 75.3±3.2 SD (n = 40) in the conscious dog (P < 0.001). No significant difference was found for atrial flow distribution. In conscious dogs or anesthetized dogs (some with right heart by-pass), the proportional distribution of microspheres to the right ventricular free wall and the left ventricle plus septum was independent of microsphere size (Table 2) .
DISTRIBUTION TO SMALL REGIONS
In the two dogs in which the inner and outer layers of the left ventricle were digested so that the microsphere diameters could be measured, the same distribution of diameters was found in both layers for large (mean diameter 51/n and 55/i.) and medium-sized (mean diameter 22AJX) microspheres. Table 4 shows the proportional distribution of radioactivity to different regions of the heart in a conscious dog after successive injections of large microspheres labeled with different isotopes. The proportions were similar for the different injections in this dog as well as in the other ten conscious dogs. In addition, the flow per gram was calculated for each region ( Table 4 ), assuming that flow and radioactivity were proportional (see below). There was almost always a gradient in the distribution of radioactivity across the free walls of both ventricles, the inner layers having the greatest amount per gram and the outer layers the least. The only exceptions to the gradients shown in Table 4 occurred in three dogs in which the outer layer had a greater amount of radioactivity per gram than the layer next to it, but the inner layer still had more radioactivity per gram than the outer. In 38 measurements with large microspheres in 11 conscious dogs, the radioactivity per gram of the inner layer divided by When small (mean diameter 14.1/x) or medium-sized microspheres (mean diameter 20.5/LA or 22.4/A) were injected simultaneously with, or within a short time of, large, microspheres (mean diameter 50.9 to 60.9^i) there were significant differences in the ratios of radioactivity per gram of inner to outer ventricular layers or left-to right-sided ventricular septal layers (Table 5 ). These differences from the ratios with large microspheres were significantly larger (unpaired ttest) with the small microspheres than those of medium size for the free wall of the left ventricle (P<0.05) and the ventricular septum (P < 0.05) but not for the right ventricular free wall (P = 0.2).
In the right heart by-pass studies with large microspheres, the ratio of radioactivity per gram (inner:outer) was 2.0 ± 0.8 SD (n=16) for the right ventricular free wall-not significantly different from that for the conscious dogs (0.5<P<0.6). However, the ratio of radioactivity per gram of inner to outer layers of 1.9 ± 0.7 SD for the left ventricular free wall was significantly less than for conscious dogs (P < 0.01). The ratio for the left to right sides of the septum was 1.9 ±0.6 SD (n=16) and was not significantly lower than that in conscious dogs (0.10 > P > 0.05).
In each nonvvorking left ventricle with normal aortic pressures there was usually no change in the ratio of radioactivity per gram (inner to outer layers) of the ventricular free walls or of the left to right sides of the ventricular septum compared to control values (Table 6 ). In three of these dogs whose hearts were arrested and whose coronary venous return was measured, the flows were 140,200 and 300 ml/min. In three other dogs with very low perfusing pressures after acetylcholine arrest, the ratios were below 1. Conscious dog (no. 7) with successive injections of large microspheres. Calculated total coronary blood flow in ml/min was, respectively, 164, 157, 148 and 144.
Discussion
This technique permits complete injection of microspheres and their collection in the reference sample without causing any discomfort to the dog or detectable changes in cardiac function. Furthermore, after successive injections of microspheres there were no large or consistent changes of aortic pressure or coronary blood flow; therefore, in the numbers given, the microspheres did not alter coronary vascular resistance. However, to measure coronary blood flow by this technique no significant numbers of microspheres can pass through the myocardial vascular bed, and they must be well mixed at the root of the aorta.
The microspheres used in these experiments ranged in mean diameter from 14.1/x to 60.9/z and are far larger than the diameter of the capillaries of the dog heart (3/x to 8/LI) (11) . Therefore, only those going through large Circulation Research, Vol. XXV, arteriovenous and arterioluminal shunts could pass through the coronary circulation. After discounting the amount of free radioactivity in the solution for each set of microspheres, less than 0.5% (usually under 0.1%) of the total radioactivity in the heart was found in the coronary venous blood, even during marked coronary vasodilation from hypoxemia and with the smallest microspheres. Since the microsphere diameters have a gaussian distribution, at least 2% of those with a mean diameter of 14.Lu were below 9/i. in diameter; therefore there were clearly no significant arterioluminal and arteriovenous shunts above this diameter into the right chambers of the dog heart.
Prinzmetal et al. (12) , who injected glass spheres into the coronary arteries of the postmortem human heart, described shunts of about 70^. to 220/i, in diameter between the coronary arteries and both ventricular cavities Large = microspheres ol-61/i in diameter; Medium = microspheres 20.5 or 22.4/x diameter; Small = microspheres 14.1M diameter. Dogs 1-3 were conscious; dogs 8-13 were anesthetized; dogs 8 and 9 had closed chests, dog 10 had an open chest, and dogs 11-13 had the right heart by-passed. LV and RV as in Table 2 .
*Simultaneous injection of large and smaller microspheres.
and also arteriovenous shunts into the coronary sinus of 70/JL to 170/J. in diameter. However, even though the difference in species and experimental conditions makes comparison of their experiments with ours difficult, there is in fact no conflict. They injected 5 to 12 million spheres into the coronary arteries. If arterioluminal or arteriovenous shunts into the right chambers of the heart carry less than 0.1% of the coronary blood flow (the usual upper limit from our data), then this would have permitted 5,000 to 12,000 of their glass spheres to pass the capillary bed. These would easily have been detected, although they did not mention the total number of spheres recovered from the cardiac chambers. MacLean et al. (13), who injected radioactive glass microspheres 20/JL in diameter into the root of the aorta in the beating but nonworking dog heart, found no radioactivity in the left chambers of the heart; 4% of the radioactivity entering the coronary arteries drained into the right chambers of the heart. It is possible that the difference between their results and ours are due to their use of a nonworking heart. Recently, Fortuin et al. (14) found no significant passage of microspheres 15/tt in diameter and labeled with 40 Sc into the coronary sinus. There is less information about arterioluminal shunts into the left atrium and ventricle, and only MacLean et al. (13) studied this directly with microspheres. However, the direct coronary venous drainage into the left chambers of the dog heart is less than 5% of the total coronary flow in the isolated heart (15) and less than 2% in more physiological preparations (16) . From all these studies it seems that no significant numbers of microspheres escape through the coronary vascular bed. The same studies permit us to state that the coronary venous drainage measured in the right heart by-pass experiments represented over 95% of the total coronary venous drainage. Therefore the high correlation between calculated and measured coronary flow (Fig.  2) can be interpreted as a proof of adequate mixing of the large microspheres at the root of the aorta and their subsequent distribution to the heart and reference sample in proportion to their flows after left atrial injections.
There are two possible explanations for the overestimate of coronary blood flow in our earlier studies with small microspheres; namely, disproportionately few microspheres in the reference sample or disproportionately too many in the heart. Our results show that collecting the reference flow for 1 minute did not allow for the long transit time of small microspheres, so that they were underrepresented in the reference sample. We do not know the reason for this difference in transit time, but it may be due to a more peripheral position of small microspheres in the arterial lumen so that some travel in slower streams (17) . It is probably not due to recirculation of small microspheres, since these on their second and subsequent circulations should be Circulation Research, Vol. XXV, distributed in proportion to flow, thus retaining the proportionality of radioactivity to flow in the heart and reference blood.
A disproportionately high distribution of microspheres to the heart could occur only if at the root of the aorta there were more small microspheres in the periphery than near the axis of the stream and the coronary flow came mainly from this region. Segre and Silberberg (17) have shown that with a steady flow in a tube, particles are evenly distributed across the radius of the inlet; in this respect the aortic root resembles their model. Furthermore, Bellhouse et al. (18) have shown in models that vortices produced in the aortic root could provide a homogeneous distribution of particles. Both of these studies suggest that the heart should not receive a disproportionately high number of microspheres.
Flow to Large Regions.-The flow per 100 g total heart weight was less than that per 100 g left ventricular free wall plus septum in the Since most dogs in these studies had several estimations of coronary blood flow, standard deviation (SD) is not based on independent observations. However, analysis of variance showed no significant differences between the means for each of our dogs, so that the observations have been regarded as independent for comparison with those of other workers.
•Combined left ventricular free wall and septum, present study.
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seven conscious dogs; (ratio 77% to 90%, mean 83%). This follows from the lower flows observed per 100 g of atrial or right ventricular muscle and must be kept in mind when interpreting coronary blood flows derived by methods which relate flow to the mass of left ventricular muscle.
When we compared our values with those reported for coronary blood flow per 100 g left ventricular muscle (Table 7) with studies on conscious and anesthetized dogs by different methods (1, 7, (19) (20) (21) (22) (23) (24) (25) , the agreement was reasonably good; the values during anesthesia were generally lower than in the conscious state. The fact that our method and the nitrous oxide method agree well is in keeping with observations that coronary sinus blood probably represents most of the venous drainage from the left ventricle (2).
We have not validated regional flow to the atria, ventricular free walls, and septum but believe that these regional flow measurements may be correct. (1) The method can measure small flows like those going to right or left ventricles, as shown by the right heart bypass studies with low total coronary blood flows (Fig. 2) . (2) The regional distribution of blood flow and its variation in different physiological states was consistent with determinants of coronary flow. In general, coronary blood flow varies with metabolic needs (24, (26) (27) (28) but may also depend on vascular impedance within the myocardium for regulation of local flow (29) . Thus, the greater proportion of flow going to the left ventricle (including septum) is expected because of its greater muscle mass and expenditure of energy; the latter would also explain the greater flow per gram of left ventricular muscle. Furthermore, the fact that in the right heart by-pass studies the distribution of flow to the nonworking right ventricular free wall was less than in the conscious dog is also consistent with the importance of metabolic factors in regulating coronary blood flow. On the other hand, in one experiment there was no change in relative flows to right and left ventricles after left heart by-pass was started, perhaps because of proportional lowering of the effects of left ventricular metabolism and impedance. (3) Our results for flow per 100 g of left ventricle in conscious dogs agree with those obtained by others using the nitrous oxide method. (4) The percent distribution to large regions of the heart is similar with large and small microspheres and with a diffusible indicator (7) .
In the conscious dogs, the ratio of flow per gram of left ventricular free wall plus septum to right ventricular free wall varied from 1.24 to 1.59 (mean 1.43). These results differ from those of MacLean et al. (13), who found a greater flow per gram of tissue in the right ventricular free wall than in the left. Nevertheless, although they used a technique similar to ours, their experiments were done in a nonworking heart and are not comparable. On the other hand, our results agree with those of Love and Burch (30) Radioactivity of Small Region.?.-To interpret the ratio of radioactivity per gram of tissue in the inner to outer ventricular layers (or the two sides of the septum) as a ratio of flows, we must first know that the amount of radioactivity in a layer is proportional to the numbers of microspheres in it. This cannot be assumed, because the microspheres vary in volume. For example, microspheres with mean diameter 50/u. ± 5fi (standard deviation) have upper and lower 95% confidence limits for diameter of about 60/u, and 40/u. Microspheres with these diameters have volume ratios of 27:8 (3.4:1) and if the radioisotope is evenly mixed with the material composing the microsphere, then the average radioactivity of these larger microspheres in a batch will be 3.4 times that of the smaller microspheres. With microspheres 20/u, in diameter the volume ratios of the larger to the smaller microspheres in a batch is about 4.6:1. Because of the variability of microsphere volume in a batch, there might be a tendency for larger microspheres to be separated from the smaller microspheres by variations in arterial size, branching or position of differentsized microspheres in the stream. If this occurred, then the radioactivity in a region might not be proportional to number of microspheres or to flow.
Our studies of the distribution of the diameters of large and medium-sized microspheres in inner and outer ventricular layers showed no significant differences, so this source of error was not present. However, when small or medium-sized microspheres were used, the ratios of radioactivity per gram in the inner to outer ventricular layers differed from those obtained with the large microspheres and from each other ( Table 5 ). These differences can be explained by the known distribution of particles in flowing streams. Large microspheres similar to those used here have been shown to be concentrated near the axis of the stream (32) and so might be underrepresented in the proximal intramural coronary arteries which, if they resemble other vascular beds, are supplied by microspheres from the peripheral part of the stream. Smaller particles take longer to reach a similar distribution (17) , so the smaller microspheres are probably more evenly dispersed across the lumen of the larger coronary arteries and thus more evenly distributed to subepicardial and subendocardial arteries. Even these small microspheres, however, are likely to show some tendency to axial concentration once they are beyond the orifices of the main coronary arteries and are thus likely to be slightly underrepresented in subepicardial vessels. (The equal distribution of microsphere diameters in inner and outer layers with any one batch of microspheres injected was probably due to the relatively narrow range of variations of diameters found within each batch. Thus the larger and smaller microspheres in a batch with a mean diameter of 50/u, had volume ratios of 3.4:1, but microspheres of 50fi and 20/u, in diameter have volume ratios of 15.6:1).
After they have reached the terminal
Circulation Research, Vol. XXV, November 196i> vessels, movement of microspheres is unlikely because of the similarity of distribution before and after cardiac arrest. Furthermore, the similarity of distribution in the working and nonworking left ventricle favors an anatomically determined distribution of large microspheres more than a real variation in flow because of metabolic needs. It is possible, however, that the arrested or fibrillating left ventricle has a much lower than normal impedance to flow in the inner layers because of decrease of intramyocardial tension, rather like a prolonged diastole, so that even when the heart is not working, the flow in the inner layer of the ventricle would be greater than that in the outer layer. The only condition which permitted lower radioactivity per gram with the large microspheres in the inner as compared to the outer layers were very low aortic pressure and, probably, a very low coronary blood flow, as in three of the four studies with cardiac arrest after acetylcholine. Possibly preferential streaming of microspheres to the inner layer because of their momentum and inability to make sharp turns was abolished at low flows.
Another possibility is that all the ratios are correct but that microspheres of different sizes measured different flows. Estes et al. (33) reported that in the postmortem human heart there was a subendocardial plexus of vessels which formed large looping arcades. If the flow in these vessels passes from deep to superficial layers and if the diameter of arteries in the deep layer is smaller than that of the large microspheres used here, then the large microspheres might measure total flow going as far as the inner layer, while the small microspheres would measure the actual or effective flow to each layer. However, the number, size, direction of flow in, and function of, these arteries is not known, nor have they been described in the dog.
Numerous studies with diffusible indicators give a ratio of flow per gram in inner to outer layers of the left ventricle close to 1 (4, (34) (35) (36) (37) (38) . Even though the interpretation of results of methods using diffusible indicators has been criticized (3, 5) , it is difficult to accept (Table 5 ) is closer to that found with diffusible indicators, but the weight of evidence is against microspheres of any size measuring flow to different layers of the ventricular wall.
Critique of the Method.-This method has many advantages. The microspheres used for each injection cost only 7 to 30 cents. It is relatively easy to apply to the conscious dog, does not disturb the dog and apparently does not alter cardiac function or coronary circulation. It permits measurement of total coronary blood flow and its distribution to large regions of the heart. No theoretical assumptions have to be made about any blood-tissue interchange, for none occurs. It is not necessary to take heart samples immediately after the injection to avoid diffusion of the isotope from the tissue into the blood. With the microspheres available in our laboratory, five measurements of total coronary blood flow and its distribution can be made in each animal; other radioactive nuclide-labeled microspheres are available. Finally, a steady state is needed only for a relatively short time (about 1 minute with the large microspheres).
There are, however, some disadvantages to the method. Counting the tissues involves much technical effort and the use of expensive equipment. The method measures mean and not phasic flow and requires a relatively steady state; if small microspheres are used this must last for about 5 minutes. The microspheres must not be clumped and have to be injected into the left side of the circulation, probably the left atrium, so that a catheter must be placed in the left atrium by prior operation, or by transseptal or retrograde left atrial catheterization. If the reference sample technique is used, a catheter must be tied into a peripheral artery. On the other hand, if the method of measuring cardiac output and determining the fraction of it going to the heart is used, then radioactivity must be measured on the whole animal after it is killed or special techniques used to count the total amount of radioactivity injected. There is a limit to the number of measurements that can be made, because of the demands on the instruments which separate the spectral energies of the different isotopes or because of the cumulative effect of the numbers of microspheres on the physiology of the animal. Finally, the animal has to be killed to make the counts.
